In the present paper, we characterize an antibody, mAb BV13, directed to mouse vascular endothelial (VE)-cadherin, a major adhesive protein of interendothelial adherens junctions. When added to cultured endothelial cells, BV13 induces a redistribution of VE-cadherin from intercellular junctions. VE-cadherin redistribution did not change the localization of platelet endothelial cell adhesion molecule or tight junction markers such as zonula occludens 1, cingulin, and junctional adhesion molecule. Intravenous administration of mAb BV13 induced a concentration-and timedependent increase in vascular permeability in heart and lungs. By electron microscopy, interstitial edema and accumulation of mixed types of inf lammatory cells in heart and lungs were observed. Injection of (rhodamine-labeled) Ricinus communis I lectin showed focal spots of exposed basement membrane in the alveolar capillaries and in some larger pulmonary vessels. These data indicate that VE-cadherin is required for vascular integrity and normal organ functions.
The endothelium regulates vascular permeability to plasma proteins and circulating cells. This specific function is mediated by different systems, which include transcellular and paracellular pathways (1) (2) (3) (4) (5) (6) (7) . Endothelial cell-to-cell junctions are complex structures formed by different adhesive molecules (8, 9) . Endothelial cells have tight junctions (TJ) and adherens junctions (AJ), which present a general organization similar to that described in epithelial cells (10) (11) (12) (13) . In addition, other adhesive proteins such as platelet endothelial cell adhesion molecule-1 (PECAM-1), S-endo 1͞muc 18, endoglin, and CD34 are concentrated at intercellular contacts in the endothelium (14) .
AJs are ubiquitous along the vascular tree and are formed by transmembrane proteins belonging to the cadherin superfamily (10, 11) . Endothelial cells express a cell-specific cadherin that was called vascular endothelial (VE)-cadherin (8, 15) . This protein is linked inside the cells to ␤-catenin and plakoglobin, which, in turn, through the binding to ␣-catenin, promote the anchorage to the actin cytoskeleton. Although the extracellular domain of VE-cadherin is necessary for homotypic adhesion and clustering, the intracellular association to catenins and the actin cytoskeleton is required for the stabilization of the complex and a full control of junctional permeability (16) .
TJs, in contrast, are formed by different molecular structures. Three types of transmembrane proteins, occludin (17) , claudins (18) , and junctional adhesion molecule (JAM) (19) , have been found to colocalize with TJ. Inside the cells, several cytoskeletal signaling molecules are concentrated in the TJ area, such as zonula occludens 1 (ZO-1), cingulin, and 7H6 (12, 13) .
AJ and, in particular VE-cadherin, are targets of the signaling pathway of agents that increase vascular permeability such as vascular endothelial growth factor (20, 21) , histamine, and thrombin (22, 23) . Endothelial cells that carry a null mutation in the VE-cadherin gene present major alterations in their functional behavior and cannot organize vascular like structures (24) . To study the biological role of VE-cadherin in vivo in the adult, we developed an anti-VE-cadherin blocking mAb. The data suggest that VE-cadherin exerts a relevant and specific activity in the maintenance of vascular integrity.
MATERIALS AND METHODS
Cells. Endothelial cells from mouse lung (1G11) and heart (H5V) microcirculation were kindly provided by A. Vecchi (Istituto Mario Negri, Milan) (25, 26) . VE-cadherintransfected Chinese hamster ovary cells were previously described (27, 28) .
Antibodies. Lewis rats were immunized with the mouse VE-cadherin-Ig fusion protein spanning amino acids 1-486 of the extracellular domain (29) . mAbs were produced (30) and screened for reactivity with VE-cadherin-IgG and H5V cells by an ELISA test (30) and by immunofluorescence microscopy (31) . Fab fragments of BV13 were prepared by standard procedures (32, 33) . By cross-competitive mAb-binding assay (32) , BV14 and BV13 appear to recognize a different epitope.
The antibodies used in fluorescence microscopy were rabbit polyclonal antibody to mouse VE-cadherin (rabbit antiserum raised by injecting the recombinant fragment of VE-cadherin extracellular domain, as indicated above); purified rat immunoglobulins anti-PECAM-1, MEC 7.46 (30) ; rat mAb anti-JAM (19) ; rat mAb anti-ZO-1 by B. Stevenson (University of Alberta, Canada) (34); rabbit polyclonal antibody to cingulin by S. Citi (Università di Padova, Padova, Italy;) (35, 36) . Antibodies to ␣-and ␤-catenin and plakoglobin were from Transduction Laboratories (Lexington, KY).
In Vitro Assays. The methodology for the evaluation of permeability of VE-cadherin-transfected Chinese hamster ovary cell monolayers (21, 28) , immunofluorescence analysis (15, 31) , immunoprecipitation, and Western blot was as described (16, 21, 31) . Biotinylation of cell surface proteins was performed by using sulfo-nitrohydroxysuccinimido-biotin (Pierce) (16) .
In Vivo Experiments. Male BALB͞c, DBA͞2J, C57BL͞6N, and Crl:nu͞nu(CD-1)BR mice (Charles River Italia, Calco, Italy) 10-12 weeks old were used. Antibodies were injected into the tail vein (100 g͞mouse). This injection was followed at different times by a second i.v. injection of Evans blue (100 l͞mouse, 1% solution). The antibodies used were purified mAb BV14, purified mAb BV13, and the isotype-matched purified mAb anti-PECAM-1, MEC 7.46 (30) . Fifteen minutes after Evans blue injection, animals were killed, and Evans blue was extracted from tissues as described (37, 38) . In some experiments, animals were treated with cobra venom factor to obtain C3 complement-depleted mice (39, 40) .
Data were expressed as percentage increase in permeability in comparison to animals treated with the control mAb MEC 7.46. In preliminary experiments, MEC 7.46 did not induce any significant change in permeability values at any dose (up to 200 g͞mouse) and any time of treatment (up to 24 hours) as compared with animals treated with comparable doses of nonimmune rat IgG (Sigma).
For immunofluorescence and electron microscopy analysis, BV13 (100 g͞mouse) or nonspecific rat IgG was injected into the tail vein of C57BL͞6 mice (Charles River), and the specimens were processed as described (41, 42) . In ricin staining assay after BV13 or control antibody i.v. treatment, rhodamine-labeled Ricinus communis I lectin (200 g͞mouse in 100 l, Vector) was injected into a femoral vein to mark sites of exposed basement membrane as described (43) .
RESULTS
Production and Characterization of Monoclonal Antibodies to VE-Cadherin. mAbs able to bind to the VE-cadherin recombinant fragment and to VE-cadherin-transfected Chinese hamster ovary cells by ELISA assay were further screened for their capacity to increase paracellular permeability in VE-cadherin transfectants (Fig. 1A) . mAb BV13 and mAb BV14 were selected and further characterized. By Western blot analysis, both BV13 and BV14 were able to recognize a band of 120 kDa corresponding to the molecular weight of VEcadherin (27, 28) in transfectants (Fig. 1B) and endothelial cell lines (1G11 and H5V; data not shown).
Effect of BV13 on VE-Cadherin Organization in Cultured Cells. As reported in Fig. 2 , addition of BV13 to endothelial cell monolayers induced time-dependent redistribution of VE-cadherin from intercellular junctions. As reported in Fig.  3 , the total amount of biotin-labeled VE-cadherin was not significantly modified by BV13 treatment. This indicates that the lack of staining of VE-cadherin from intercellular contacts was mostly caused by its diffuse redistribution on the cell surface and not by internalization. As shown in Fig. 4 , the distribution of a series of intercellular markers such as PE-CAM-1, JAM, ZO-1, and cingulin was not modified by BV13 addition. By immunoprecipitation and Western blot analysis, VE-cadherin remained associated to ␤-catenin, plakoglobin, and ␣-catenin even after BV13 treatment of the cells (data not shown).
Effect of BV13 Administration on Vascular Permeability in Vivo. Seven hours after administration of 100 g of purified BV13, the mice presented signs of strong dyspnea and hypothermia and died within 24 hours. Fig. 5 reports that administration of BV13 induced a marked time-and concentrationdependent increase of lung and heart permeability (A and B). Administration of another VE-cadherin mAb (BV14), which was found to be less effective than BV13 on permeability in vitro (see Fig. 1 A) , had only a moderate activity in increasing lung, and not heart, permeability in vivo (Fig. 5C ). Effect of BV13 on VE-cadherin organization in endothelial cells. BV13 (50 g͞ml) was added to cultured endothelial monolayers (1G11). VE-cadherin staining was strongly reduced at junctions within 1 hour, and this effect lasted up to 24 hours of incubation with the mAb. When BV13 was removed after 7 hours of incubation and the cells were cultured for additional 17 hours, a partial recovery of VE-cadherin at junctions was detected (white arrowheads). Actin staining shows that reduction of VE-cadherin staining from junctions was not accompanied by cell retraction. Comparable results were obtained when, after fixation of the cells, VE-cadherin was detected by using either mAb BV14 or a VE-cadherin rabbit polyclonal antiserum (data not shown As another control for BV13, we used the isotype-matched (IgG1) anti PECAM-1 mAb (MEC 7.46), which is able to bind endothelial cells and to localize at intercellular junctions. This mAb did not significantly change Evans blue extravasation up to a concentration of 200 g͞mouse and at any time after treatment (up to 24 hours) in comparison to mice treated with comparable concentrations of nonimmune IgG. For instance, the Evans blue values (as nanograms of Evans blue content͞mg of tissue) were 89.7 Ϯ 7.3 in the heart and 85.7 Ϯ 1.4 in the lungs for animals treated with 200 g͞mouse of MEC 7.46 at 7 hours and 97.1 Ϯ 10.5 in the heart and 79.0 Ϯ 4.6 in lungs of mice treated with the same concentration of nonimmune rat IgG in the same time interval. Evans blue extravasation was unchanged, either in the brain at any BV13 dose or in the ear skin, trachea, intestine, and quadriceps muscle (data not shown).
Binding of BV13 to Endothelial Cells in Vivo. To address this question, animals were treated i.v. with BV13 (100 g͞mouse). Twenty minutes and 2 hours after treatment, the animals were anesthetized, vessels were perfused with fixative, and the antibody staining was evidentiated with Cy3-labeled goat anti-rat secondary antibody. The vessels then were examined by fluorescence confocal microscopy. As reported in Fig. 6 , in large arterioles and venules, the VE-cadherin mAb decorated interendothelial junctions in a sharp and continuous way at 20 minutes and 2 hours after treatment (A and B, arrows). In contrast, in small pulmonary vessels near arterioles (Fig. 6B , arrowheads), in alveolar capillaries (D, arrow), or in capillaries of cardiac muscle (F, arrow), at 2 hours after BV13 administration, the staining became discontinuous and diffuse.
Effect of Complement Activation on BV13 Activity in Vivo. We further investigated whether the observed in vivo effects could be caused by complement activation and deposition of immune complexes. To this end, we first used C5-deficient mice (strain DBA͞2J) (44) . As shown in Fig. 7A , BV13 administration caused a comparable increase in lung and heart permeability in C5-deficient and control animals (C57BL͞6N).
In additional experiments, BV13 was administered to mice previously treated with cobra venom factor for complement depletion. This treatment schedule is known to eliminate C3 complement levels (39, 40) . Fig. 7B shows that, even in these conditions, the effect of BV13 on organ permeability was not lower than in control animals.
Finally, Fab fragments of BV13 were used. The Fab were able to recognize intercellular junctions in cultured endothelial cells and to induce disappearance of VE-cadherin from cellto-cell contacts (data not shown). The effect was less marked than with the whole mAb. This difference is likely caused by the fact that the Fab lost some activity during preparation. For instance, compared with the whole BV13 antibody, a two-fold greater concentration of Fab was required to induce VEcadherin disappearance from junctions of cultured cell monolayers. The data reported in Fig. 7C show that Fab fragments of BV13 at 200 g͞mouse are able to significantly increase lung and heart permeability at 2 hours in a way not significantly different from 100 g͞mouse of the whole mAb.
Histological Features of the Effects of BV13.
Toluidine blue stained sections of the different organs were examined. In the normal heart (time 0), nuclei of myocytes were prominently displayed as light staining rectangular bodies, along with no evidence of interstitial edema or cellular infiltrates (Fig. 8A ). At 7 (Fig. 8B ) and 9 (C) hours after infusion of BV13, there was interstitial edema as indicated by dilated interstitial areas and interstitial hemorrhage (open arrows), together with collections of neutrophils (black arrows) and mononuclear cells (white arrows).
In the lung at 0 time, venules and alveolar walls and airspaces were morphologically normal (Fig. 8D) 9 hours after the infusion of BV13, endothelial bleb formation in small venules was prominent (E, open arrowhead), and intracapillary platelet plugs in association with neutrophils were detectable (F, black arrows). In addition, there was pronounced bleb formation involving small capillaries and alveolar epithelial cells (Fig. 8F, black arrowhead) .
Ultrastructural examination of the lung samples revealed morphological changes as a function of time after infusion of BV13 (Fig. 9 ). Lungs at 0 hour appeared essentially normal, with intact junction between endothelial cells (Fig. 9A) . One hour after infusion of antibody ( Fig. 9 B and C) , some neutrophils (open arrows) and small aggregates of platelets (P) were observed in lumens of capillaries. At 7 hours (Fig. 9D) , endothelial cells present blebbing (black arrows), and some gaps were present in the endothelial layer, revealing bare basement membrane. By 9 hours (Fig. 9 E and F) widespread accumulation of platelet aggregates was found, often revealing degranulation (Fig. 9F) . Multiple gaps and breaks in the endothelium occurred (Fig. 9 E and F, black arrows) , leaving denuded basement membrane in some areas and allowing neutrophils to be in direct contact with basement membrane (E). Neutrophils were observed migrating through the vascular wall (Fig. 9E) . Direct contact between the interstitial compartment and the vascular lumen was also evident (Fig. 9F) . In the kidney, the results of infused BV13 were not striking, but some glomerular changes were consistently found (data not shown). Histological analysis showed no evidence of significant damage in brain, liver, adrenal glands, lymph nodes, thymus, skin, and eye (data not shown).
Sites of Plasma Leakage Stained with Ricin Lectin. As a further analysis of the vascular changes induced by BV13, confocal micrographs of pulmonary vessels stained by injection of rhodamine-labeled Ricinus communis I lectin was performed. Fig. 10 shows that the pulmonary vessels of the BV13-treated animals present focal spots of bright fluores- FIG. 7 . Complement requirements for BV13 effects on vascular permeability. BV13 was able to increase heart (white columns) and lung (striped columns) permeability in C5 complement-deficient animals (A). Mice DBA͞2J (C5 deficient) and their matched controls C57BL͞6N (Control) were injected with BV13 or the control mAb MEC 7.46 (100 g͞mouse), and permeability was evaluated after 7 hours. (B) Mice depleted of C3 complement. Animals were treated with either cobra venom factor as described in Materials and Methods to deplete C3 complement element (C3-depleted) or saline (Control). The mice then were injected i.v. with BV13 or MEC 7.46 (100 g͞mouse), and, after 7 hours, permeability in heart and lungs was measured. (C) Fab fragments of BV13 (200 g͞mouse) or BV13 whole mAb (100 g͞mouse) were injected i.v., and the organs were extracted after 2 hours. Data are expressed as percentage increase in Evans blue content of the different organs and are means Ϯ SEM of three experiments, each performed in triplicates. (1999) cence in the alveolar capillaries and in some larger pulmonary vessels, indicative of areas of exposed basement membrane. Lung microvessels from both treatment groups had occasional intravascular leukocytes that stain brightly with Ricin lectin.
DISCUSSION
The anti-VE-cadherin mAb BV13 was first selected for its capacity to increase permeability in vitro. By immunofluorescence microscopy, this mAb induced the redistribution of VE-cadherin from intercellular contacts. A large part of this effect did not seem to be attributable to either internalization of the molecule or its detachment from catenins. It is likely that BV13 exerts its activity by disrupting VE-cadherin homotypic adhesion and clustering, which then leads to a diffuse pattern of the protein on the cell surface. Calcium chelation (14, 45) resulted in a comparable picture, and, also in this case, neither significant internalization of the protein nor its detachment from catenins was observed. A similar pattern of redistribution of VE-cadherin on endothelial cell surface could be observed in vivo, too. As reported here, at 2 hours after BV13 administration, VE-cadherin showed a diffuse pattern of distribution on the endothelium of heart and lung microvessels. Of interest, in arteriolae, VE-cadherin localization at junctions did not change after BV13 treatment. A possible explanation for this difference is that, in arteriolae, the endothelium presents complex junctions with TJs intermingled between AJs (9, 46, 47) . The mAb may therefore have an incomplete access to AJs and disrupt only partially VE-cadherin clusters. When VE-cadherin was removed from junctions by BV13 treatment, we did not observe cell retraction or intercellular gap formation in vitro. This may be explained by the fact that the cells are not stimulated to retract and pull away from each other. In addition, in vitro, BV13 did not affect the distribution of TJ markers (12, 13, 48) such as occludin (49) ZO-1 (34, 50) , and JAM (19) . PECAM-1 was also regularly organized at junctions after BV13 addition. These adhesive structures may act in maintaining cell to cell contacts.
When administered in vivo, BV13 induced marked changes in vascular permeability. On the basis of histological features, the effects of BV13 antibody were quite impressive, especially in the myocardium and in the lungs. In the former, interstitial edema and hemorrhage were hallmarks of vascular damage.
The transmission electron micrographs demonstrate damage of vascular walls in lungs as early as 1 hour and extensive structural damage of the endothelium by 9 hours. So severe is the damage that there are physical gaps in these walls, leading to a direct communication between the vascular compartment and either the interstitial and͞or the alveolar compartments. In these cases, neutrophils are present, as are naked basement membranes that lack any endothelial covering. There are also aggregates of degranulated platelets, a finding that is not surprising in view of exposed basement membranes. The striking bleb formation involving vascular endothelial cells and alveolar epithelial cells indicates that these cells have been damaged.
The data reported here strongly imply that complement activation is not involved in these events because the increase in vascular permeability was not affected by natural deficiency of C5, induced deficiency of C3, or by the use of Fab fragments of BV13. Overall, VE-cadherin inhibition induces a more important damage of the endothelium monolayer in vivo as compared with in vitro conditions. Inhibition of VE-cadherin is particularly deleterious where the vessels are subjected to significant changes in pressure and shear like in the heart or lungs. Previous work indicates that AJ organization is required to maintain endothelial cell to cell contacts in static condition but not under flow, where endothelial cells retracted and exposed the subendothelial matrix (51) .
In vivo endothelial cell retraction would induce formation of platelet microthrombi and leukocyte activation, which would further extend endothelial damage (52) . Vestweber et al. also reported that neutrophils extravasation was markedly increased by blocking VE-cadherin in a peritoneal model of inflammation (53) . An aggravating element in comparison to other permeability increasing agents, such as histamine, is that the effect of VE-cadherin mAb is lasting. After mAb addition, inhibition of VE-cadherin clustering was apparent also after several hours. The irreversible nature of the effect may worsen the vascular damage.
In conclusion, the data reported here indicate that VEcadherin is an important determinant of vascular integrity in some organs. An important issue is whether the phenotype described after BV13 administration may be reminiscent of any human pathological condition. VE-cadherin is particularly susceptible to proteolytic digestion (15) . Leukocyte activation and release of proteolytic enzymes (54) may lead to cleavage of the extracellular domain of VE-cadherin (15) , which then would cause increase in permeability in the areas of leukocyte deposition. This may occur in inflammatory conditions in general and in ischemia-reperfusion injury characterized by neutrophil accumulation in the microvasculature and edema (55) .
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